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Abstract 
 
In this article, we introduce a facile synthesis and characterization of alternatively driven dual 
nanowire arrays with single crystalline nanostructures of ZnO and CuO that capable of reliably 
discriminating between three gases such as hydrogen (H2), carbon monoxide (CO), and nitric dioxide 
(NO2) in air. 
In the Part 1, we describe the fabrication process for multiple nanowires species (ZnO and CuO) 
growth via chemical vapor deposition at 773-873 K, without the incorporation of foreign atoms. This 
process can be simply achieved by a direct and simultaneous heating of metallic film with Zn and Cu 
followed by a conventional lithography. It was clearly observed that there is no chemical cross-
contamination between them, separated by 5 µm, during the growth. Additionally, the sensing 
properties for the single crystalline nanowires of ZnO and CuO are then tested and compared for their 
ability to distinguish three gases (H2, CO and NO2) in air, which they were able to do unequivocally. 
 In the Part 2, we also introduce a strategy for creating an air-bridge-structured nanowire junction 
array platform for their ability to distinguish three gases (H2, CO and NO2) in air. Alternatively driven 
dual nanowire species of ZnO and CuO on single substrate are used and decorated with metallic 
nanoparticles to form two dimensional microarray, which do not need to consider the post fabrications. 
Each individual nanowires in the array form n-n, p-p and p-n junctions act as electrical conducting 
path for carrier. The adsorption of gas molecules to the surface changes the potential barrier height 
formed at the junctions and the carrier transport inside the straight semiconductors, which provide the 
ability of a given sensor array to differentiate among the junctions. The sensor were tested for their 
ability to distinguish three gases (H2, CO and NO2), which they were able to do unequivocally when 
the data was classified using linear discriminant analysis. 
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1. INTRODUCTION 
 
1.1. One-dimensional (1-D) metal-oxide nanostructures 
 
1.1.1. Characteristics of 1-D metal-oxide nanostructures 
 
One-dimensional (1-D) nanostructured materials such as nanoparticles, nanowires, nanorods, 
nanotubes, nanobelts and nanorings have been extensively studied as building blocks in electronic 
devices for alternatively renewable energy applications and as heterogeneous catalysts because of the 
modification of their chemical, mechanical, electrical, and optical properties from those of the bulk1-10. 
It is generally accepted that 1-D nanostructures provide a good system to investigate the dependence 
of electrical and thermal transport or mechanical properties on dimensionality and size reduction (or 
quantum confinement). There are a large number of opportunities that might be realized by making 
new types of nanostructures, or simply by down-sizing existing microstructures into the 1-100 nm 
regimes. To date, a variety of methods for the synthesis of these materials have been developed, such 
as vapor-liquid-solid (VLS)/vapor-solid (VS) growth methods, sol-gel techniques, and template-based 
approaches11-14. 
 1-D metal-oxide nanostructures with valuable properties, compositions, and morphologies have been 
fabricated using so-called bottom-up synthetic routes. A several classes of these 1-D nanostructures 
with potential as electronic devices are summarized schematically in Figure 1.1.15 
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 Figure 1.1 A schematic summary of the kinds of 1-D metal-oxide nanostructures (A) nanowires and 
nanorods; (B) core-shell structures; (C) nanotubes/nanopipes and hollow nanorods; (D) 
heterostructures; (E) nanobelts/nanoribbons; (F) nanotapes, (G) dendrites, (H) hierarchical 
nanostructures; (I) nanosphere assembly; (J) nanosprings. (Adapted from Ref. 15) 
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 The properties of 1-D semiconducting oxides have been extensively studied and documented. Not so 
those of quasi-one-dimensional oxide nanostructures (i.e., systems with diameters below ~100 nm), 
which are expected to possess novel characteristics for the following reasons.15 First, a large surface-
to-volume ratio means that a significant fraction of the atoms (or molecules) in such systems are 
surface atoms that can participate in surface reactions. Second, the Debye length 𝜆𝜆𝐷𝐷 (a measure of 
the field penetration into the bulk) for most semiconducting oxide nanowires is comparable to their 
radius over a wide temperature and doping range, which causes their electronic properties to be 
strongly influenced by processes at their surface. As a result, one can envision situations in which a 
nanowire’s conductivity could vary from a fully nonconductive state to a highly conductive state 
entirely on the basis of the chemistry transpiring at its surface. Third, the average time it takes photo-
excited carriers to diffuse from the interior of an oxide nanowire to its surface (~10-12 – 10-10) is 
greatly reduced with respect to electron-to-hole recombination times (~10-9 – 10-8s). This implies that 
surface photo induced redox reactions (Figure 1.2.) with quantum yields close to unity are routinely 
possible on nanowires (assuming reactants reach the surfaces rapidly enough and interfacial charge 
transfer rates are not limiting). The rapid diffusion rate of electrons and holes to the surface of 
nanostructure provides another opportunity as well. The recovery and response times of 
conductometric sensors are determined by the adsorption-desorption kinetics that depends on the 
operation temperature. The increased electron and hole diffusion rate to the surface of the nanodevice 
allows the analyte to be rapidly photo-desorbed from the surface (~a few seconds) even at room 
temperature. Finally, as the diameter of the nanowires is reduced, or as its materials properties are 
modulated either along its radial or axial direction, one can expects to see the one set of progressively 
more significant quantum effects.16 
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 Figure 1.2 A summary of a few of the electronic, chemical, and optical processes occurring on metal 
oxides that can benefit from reduction in size to the nanometer range15. 
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1.1.2. Chemical sensing behavior of 1-D metal-oxide nanostructures 
 
 Such 1-D metal-oxide nanostructure materials have been widely used for the detection of a wide 
range of chemical such as NO2, NH3, H2, H2S, CO, ethanol, acetone, human breath, and humidity. The 
sensing mechanism of metal oxide materials mainly relies on the change of electrical conductivity 
contributed by interactions between metal-oxide and surrounding environment. The conductance of 1-
D metal-oxide nanostructured material can be expressed as 17, 
G =  𝑛𝑛0𝑒𝑒𝑒𝑒 𝜋𝜋(𝐷𝐷 − 2𝑤𝑤)24𝑙𝑙  
where 𝑛𝑛0 is carrier concentration, µ is mobility, l is the length and D is diameter of the materials, 
and w is the width of surface charge region that is related to the Debye length of the materials. The 
Debye length of sensing materials can be expressed as the following formula obtained in the Schottky 
approximation.18 
w =  𝐿𝐿𝐷𝐷(𝑒𝑒𝑉𝑉𝑠𝑠𝑘𝑘𝑘𝑘)1/2 
𝐿𝐿𝐷𝐷 =  �𝜀𝜀𝜀𝜀0𝑘𝑘𝑘𝑘𝑒𝑒2𝑛𝑛0 �12 
where 𝜀𝜀0 is the absolute dielectric constant, ε is the relative dielectric permittivity of the structure, k 
is the Bolzmann’s constant, T is the temperature, and Vs is the adsorbate-induced band bending. 
 Generally speaking, the response of the chemoresistors in ambient environment can be defined as19, 
S =  𝐺𝐺1 −  𝐺𝐺0
𝐺𝐺0
=  4
𝐷𝐷
 (𝑤𝑤0 −  𝑤𝑤1) =  4𝐷𝐷 (𝜀𝜀𝜀𝜀0𝑘𝑘𝑘𝑘𝑒𝑒𝑛𝑛0 )1/2 (𝑉𝑉𝑆𝑆012 −  𝑉𝑉𝑆𝑆112) 
where G0 and G1 are the conductance before and under exposure to chemicals, n0 and n1 is the carrier 
concentration before and under exposure to chemicals, w0 and w1 is the width of surface charge region 
before and under exposure of chemicals, VS0 is the adsorbate-induced band bending due to oxygen 
molecules and moisture (VS0 ~ 0.1 eV20) in ambient environment, and VS1 is the adsorbate-induced 
band bending from exposure of chemicals (e.g., NH3 ~ 0.25 eV21). 
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1.2. Electronic Nose (e-nose) 
 
1.2.1. Concept of e-nose 
 
Chemical gas sensor based on 1-D metal-oxide nanostructured material has shown good sensitivity 
toward a broad range of chemicals22-25. However, a critical sensitivity toward a broad range of 
chemicals sensor systems from practical applications is the “selectivity”. One promising way to 
achieve selectivity among different chemicals is to build “Electronic nose (e-nose)”. The idea of e-
nose was inspired by the mechanisms of human olfaction system (Figure 1.3). In general, basic 
elements of an e-nose includes and “odor” sensor array, a data preprocessor, and a pattern recognition 
(PARC) engine26. Among the, a sensor array that mimics the olfactory receptor cells situated in the 
roof of the nasal cavity of human beings is like signal receptors. 
 
 
Figure 1.3 schematic illustrations for (A) Human nose in section, (B) Basic design of e-nose. 
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1.2.2. Characteristics of E-nose: Sensitivity and Selectivity 
 
To enhance the orthogonality in responses in practical e-nose systems, particularly, it is desirable to 
integrate one dimensional nanostructure with different morphologies and compositions with small 
dimensions and high surface-to-volume ratios on a single substrate27-29. Thus, a few prototypes have 
been recently introduced by utilizing a variety of quasi 1D nanostructured materials for an e-nose 
system30-32. Despite extensive researches, most works have been done by simply transferring 
nanowires into a different substrate. To minimize the fabrication costs and enhance the yield of these 
kinds of devices, however, it would be a promising direction if multiple nanowires species could be 
grown directly and simultaneously on desired locations of the substrates without any interaction 
between them33. 
Although horizontal porous anodic alumina structures were recently used to fabricate multiplex 
nanowire sensors, it may be a complicated, multistep process34. One can also produce different nano-
sized columnar films with controlled porosity and shapes by combining oblique angle deposition and 
substrate positional control, known as a glancing angle deposition (GLAD)35-37. By changing the 
incidence angle and the substrate rotational speed, the column morphology and porosity of the film 
can be easily controlled. Although one of advantages of this technique is almost no restriction on 
materials through a thermal evaporation growth, the resulted products may be observed in the 
polycrystalline and furthermore it may be not efficient to control the length of 1-D nanostructures. 
Chemical vapor deposition (CVD) as cost-effective and efficient method, which is used to directly 
oxidize metals under a controlled atmosphere, could be suitable for mass production for large-scale 
applications. It has been successfully applied to the fabrication of CuO nanowires, Co3O4 nanowalls, 
Fe2O3 nanoflakes, and ZnO nanowires in the manner of a single component38-41. However, it is still a 
challenging subject to develop a facile synthesis route for well-defined multiple nanowire species on a 
single substrate simultaneously. Furthermore, the advent of MEMS microfabrication techniques and 
nanotechnology have made available new materials platforms, device fabrication alternatives, and 
novel sensing concepts to improve sensitivity, reliability, energy consumption, and response time of 
the next generation sensors42,43. 
In most e-noses, a variety of methods such as different materials and sensor designs (such as 
temperature gradients) have been employed to differentiate the sensor properties of multi-component 
array. Alternatively, the principally different approach is to make sensor arrays based on the 
semiconductor junctions at the micro/nanoscale, as attractive elements in the potential fabrication of 
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low-power, supersensitive, and rapid response sensors44,45. At semiconductor junctions such as n-n and 
p-n, potential barrier is usually formed due to the depletion region, resulted in rectifying 
characteristics. The adsorption of gas molecules to the surface changes the potential barrier height at 
the interface as well as the carrier transport inside the straight semiconductor. Such semiconductor 
junction sensors based on nanowires and nanoparticles have been successfully demonstrated46-48. 
Recently, sensors based on p-type semiconductors (such as CuO) also have demonstrated considerable 
potential for the detection of various gases, such as C2H5OH, H2S, H2, CO, and NH331,49-52. Unlike n-n 
and p-n junctions, the holes in p-p junction flow through the surface accumulation layer, formed near 
the surface due to the oxygen adsorption when kept in the air53. The adsorbate-induced change of the 
thickness in hole accumulation layer changes the resistance of the sensors, detecting the gases such as 
H2 and C2H5OH with high sensitivity and low detection limit53,54. These approaches can greatly 
enhance the sensitivity and selectivity of such sensors. 
One issue that impacts on the scale-up of nanosensors is the fact that most nanostructures are 
fabricated by bottom up technologies which often require the development of post fabrication 
strategies such as transferring nanowires onto a foreign substrate, orienting nanowires, forming 
appropriate electrical contacts, and other processes that simultaneously encompass both the micro- 
and the nanoscales55-57. To enhance the orthogonality in responses and enhance the yield in practical 
multi-electrode e-nose systems, it is desirable to integrate 1-D nanostructure with different 
morphologies and compositions with small dimensions and high surface-to-volume ratios on a single 
substrate. 
Here we introduce a facile synthesis and characterization of alternatively driven multiple nanowire 
species of ZnO and CuO on a single substrate for selective gas detection, produced by a chemical 
vapor deposition. Alternatively driven dual nanowire species of ZnO and CuO with the average 
diameter of ~ 30 nm on a single substrate is used to form two-dimensional microarray, which do not 
need to consider the post fabrications. However, we also described a strategy for creating an air-
bridge-structured percolating nanowire array platform that capable of promptly detecting and reliably 
discriminating between three gases (hydrogen, carbon monoxide, and nitrogen dioxide) in air. To 
enhance the sensitivity, palladium (Pd) nanoparticles were decorated on the junction and compared 
with pristine and Ag-decorated junctions for the capability of e-nose sensors. 
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2. ALTERNATIVELY DRIVEN DUAL NANOWIRE ARRAYS BY ZnO AND CuO FOR 
SELECTIVE SENSING OF GASES 
 
2.1. EXPERIMENT 
 
2.1.1. Alternatively driven dual nanowire arrays 
 
Figure 2.1 shows the schematic illustration for multiple nanowires species (ZnO and CuO) growth 
on thermally grown SiO2 layer with 200 nm thickness on a Si (100) single crystal substrate. 
 
 
Figure 2.1 Schematic illustrations for growing ZnO and CuO nanowires on a single substrate, 
patterned via a conventional photolithography. 
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 First of all, 800 nm-thick Zn and Cu metallic films were deposited on a single substrate by the e-
beam evaporation, which were patterned and separated by the distance of 5 µm via a conventional 
lithography. The sample is then transferred to a CVD chamber (Figure 2.2) for the growth and heated 
at 773 – 873K for 2 hours with mixed nitrogen and oxygen (N2:O2 = 8:2) flow at 600 Torr. The growth 
conditions such as temperature, pressure etc. were optimized to obtain the high yields of good-quality 
nanowires. 
 
 
Figure 2.2 Chemical Vapor Deposition (CVD) Chamber. 
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2.1.2. Analysis 
 
The identity and morphology of the ensuing one-dimensional (1-D) nanostructures were determined 
by scanning electron microscopy (SEM), X-ray diffraction (XRD), transmission electron microscopy 
(TEM), and energy dispersive X-ray spectroscopy (EDS). 
 
2.1.3. Gas sensor fabrication using single ZnO and CuO nanowire 
 
 To investigate the influence of three gases (H2, CO and NO2) on the carrier transport inside the 
nanowires, a simple sensor was fabricated by transferring the multiple nanowires (ZnO, CuO) by 
direct contact onto a clean p-type silicon wafer covered with a 200 nm thick silica film, which served 
as an insulating layer. The transfer was carried out by gently pressing the nanowire-covered substrate 
onto the Si wafer (shown in Figure 2.3). The source and drain electrodes were fabricated using 
conventional photolithography with the Au (200 nm, for CuO nanowires) or Ti/Au (10/200 nm, for 
ZnO nanowires) electrodes deposited using e-beam evaporator, respectively, through a shadow mask 
appropriately placed over linear sets of both nanowires. The fully fabricated samples were annealed 
for 1 min by rapid thermal annealing under nitrogen atmosphere at 473K. 
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 Figure 2.3 Schematic illustrations for fabricating the single nanowire sensors. 
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2.1.4. Gas response test toward H2, CO and NO2 
 
 A representative set of source-drain currents, ISD, measured as a function of time at an applied 
source-drain voltage of 1 V is shown in Figure 2.12 for ZnO and CuO single nanowire. The gas 
sensors were measured in a probe chamber equipped with an electrical measurement system 
(KEITHLEY 2636A), a temperature-control system, and a precisely gas flow system. One of the three 
gases (~ 100 ppm), balanced by dry air were introduced in the chamber under 1 atm of dry air 
background. Pure dry air was introduced between the pulses. The total gas flow into the chamber was 
maintained at 1000 sccm during the measurements. 1 V bias was applied to the electrodes. The 
sensitivity is defined as S=(Ig-Ia)/Ia, in which Ig and Ia are, respectively, the steady-state current values 
measured with the analyte gas added to the air stream and just the air stream alone. 
 
 
Figure 2.4 Customized gas chamber with electrical measurement system (KEITHLEY 2636A). 
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2.2. RESULTS AND DISCUSSION 
 
2.2.1. Structure and morphology 
 
 The resultant product is clearly shown in Figure 2.5. The product consists of both ZnO and CuO 
nanowires, which were clearly separated from each other. The preferential vertical growth of 
nanowires with respect to the substrate is observed. The mean nanowire width, measured near the 
middle of the nanowires for a representative number of nanowires, was determined by SEM to be 25.9 
(±0.75) nm and 31.1 (±0.64) nm, respectively. The nanowire lengths range from several hundred 
nanometers to several micrometers. 
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 Figure 2.5 SEM images of (b) ZnO and (c) CuO nanowires on single substrate. The mean diameter of 
(d) ZnO and (e) CuO nanowire are 25.9 (±0.75) nm and 31.1 (±0.64) nm, respectively. 
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 However, the diameter of both ZnO and CuO nanowires can be tuned by the growth temperature. 
Figure 2.6 shows SEM images of both nanowires grown at 673 and 773 K. Nanowire diameter 
distribution determined by the images is also shown. As the temperature increases, the diameter 
decreases and the length is reduced. This might imply the high growth rate along the vertical direction 
with respect to the substrate. If the metal films are thicker, thicker and longer nanowires will be grown. 
 
 
Figure 2.6 SEM images and diameter distribution of both nanowires grown at 673 and 773 K. 
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XRD analysis was performed by using Cu K-alpha radiation with a wavelength of 1.54Å to 
investigate the crystal phase of both kinds of nanowires in Figure 2.7. All of the diffraction peaks can 
be indexed as a mixture of hexagonal and monoclinic phases, indicating that clearly, the crystal phases 
of ZnO and CuO are hexagonal and monoclinic phases, respectively58,59. No remarkable shift in 
diffraction peak and no change in FWHM (0.23o  0.24o for ZnO (002) peak and 0.18o  0.19o for 
CuO (002)) were detected. However, it needs to be noted that an X-ray crystal structure is not 
sufficient for the characterization of these materials even if some Zn atoms are doped to CuO (if 
doping concentration is not enough for any essential change of the structures) since both elements are 
the same atomic size (~ 0.135 nm) and the same ionic (2+) size (~ 0.90 nm). High-resolution 
structural and elemental analyses will be required to confirm no interaction between ZnO and CuO 
nanowires during the growth. 
 
 
Figure 2.7 (a) X-ray diffraction spectra of ZnO, CuO and CuO-ZnO nanowires. (b) FWHM values 
of ZnO (002) peak and CuO (002) peak. 
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The detailed crystal structures of the nanowires were investigated by low- and high-magnification 
TEM images of nanowires. Low-magnification TEM images of both representative nanowires, and 
selected area diffraction (SAED) patterns taken from the same sample are shown in Figure 2.8. The 
ZnO and CuO nanowires are shown to be single crystalline with tetragonal and monoclinic structure, 
and growth directions along [001] and ]111[
−
 axis, respectively. There are no defects associated with 
issues of poor quality and incorporation of foreign atoms. Diameters of ZnO nanowires as low as 10 
nm are also observed, depending on the substrate and growth condition (Figure 2.9). For CuO 
nanowires, it was reported that the nanowire has a bicrystalline structure, however, not observed in the 
TEM images60. 
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 Figure 2.8 Low- and High-magnification TEM images and the selected area diffraction patterns for 
ZnO (a, c, e) and CuO (b, d, f) nanowire, respectively. 
19 
 
  
Figure 2.9 Low-magnification and high-resolution TEM images of as-grown ZnO nanowires. 
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2.2.2. Spontaneous growth of nanowires from thin films 
 
 In fact, spontaneous growth of nanowires from thin films without the use of conventional templates 
or catalysts has received significant attention in the nanotechnology community. Recently, it was 
proposed that the mechanism for nanowire (Bi, CuO etc.) growth could be occurred via grain-
boundary diffusion of the elemental source (Bi, Cu etc.) from the supporting thin film, thus, the 
nanowires grew from the bottom of the wire, where it was attached to the film61. The diameters of 
nanowires significantly depend on the mean grain sizes in the as-grown films, determined by the 
thickness of the film and growth temperature62. Also, metal-oxides nanowires such as VO2, V2O5, 
RuO2, MoO2, MoO3, and Fe3O4, can be grown via the diffusion and solidification of nanodroplets, 
produced from the thin films at temperatures near the bulk melting point63,64. On the contrary, the 
vapor-solid model was proposed to understand the growth of ZnO nanowires by heating zinc film, 
implying that the zinc atoms can be incorporated into the CuO nanowires65. 
To investigate the presence of impurity atoms in these materials, we have used micro-Raman spectra 
of ZnO-ZnO, CuO-CuO, and ZnO-CuO samples in the range of 0-1000 cm-1 at room temperature as 
shown in Figure 2.10.  
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 Figure 2.10 (a) Raman spectra of ZnO, CuO and ZnO-CuO nanowires. EDS spectra taken from (b) 
single CuO and (c) ZnO nanowire taken from CuO-ZnO nanowires, as shown in the inset. 
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The Raman mode at 438 cm−1 in ZnO nanowires, and Raman modes at 298, 345, and 634 cm−1 in 
CuO nanowires are consistent to the vibration spectra, normally observed in these materials66,67. By 
the incorporation of foreign atoms into these materials, we can observe stress-induced Raman peak 
shifts or broadening. Actually, the E2 mode showed blue shift by 5 cm-1 by doping 3% Cu atoms into 
ZnO. However, there is no change in the position of the modes and presence of additional modes, 
indicating that the no measurable doping with Zn (Cu) occur in CuO (ZnO) nanowires. Also note that 
we cannot observe any modes due to defects associated with the oxygen sublattice or cation 
interstitials, implying that these nanowires have high crystalline properties. Figure 2.10 (b) and (c) 
show present the EDS spectra taken from the CuO and ZnO nanowires present in the space between 
the Cu- and Zn-deposited regions in ZnO-CuO sample, as shown in the inset. Clearly all of the 
nanowires are pure CuO and ZnO. These results may show the strong evidence that the nanowires are 
composed of CuO or ZnO only without any undesirable doping. 
 
2.2.3. Gas sensing properties of single ZnO and CuO nanowire 
 
Up to now, a wide range of sophisticated sensors have been developed over a generation; 
nevertheless, new sensor strategies of ever increasing sensitivity, selectivity, and lower cost seem to 
be constantly in demand. As the size of materials is reduced to nanometer scale, finding methods for 
obtaining high-sensitivity may not be an issue anymore. However, the selective detection of various 
gases remains to be major challenge and can be improved, by surface functionalization with specific 
catalysts or by tuning the temperature or by utilizing various kinds of materials for an e-nose system68. 
Here, using our growth approach, we suggest a discriminant factor based on a p-type and n-type 
metal-oxides for the selective detection of various gases. It is well-known that CuO is an important p-
type semiconductor with a band gap of about 1.36 eV, while ZnO is an n-type with 3.34 eV, clearly 
supported by metal-contact properties in single CuO and ZnO nanowire which shown in Figure 2.11.  
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 Figure 2.11 Current-Voltage curves of CuO and ZnO nanowires. 
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By using these materials, such sensor array may consist of three junction types: n-n, p-p, and n-p 
junctions, by the bottom-up, self-assembly approach during the synthesis of nanowires. In this scheme, 
the selective detection mechanism of various gases may include: (1) potential barrier heights at the 
contact points between nanowires24,30 and (2) carrier transport properties inside the nanowires with 
diameters of ~ 30 nm. The carrier transport at the contact points can be described in terms of a 
thermionic emission mechanism. Depending on the junction types, the potential barriers height will be 
tuned and the adsorbate-induced change of the height will be effectively modulated by the gases. 
These aspects are currently being investigated and will be the subject of a separate publication. 
To investigate the influence of various gases such as H2, CO, and NO2 on the carrier transport inside 
the nanowires, a simple sensor was fabricated by transferring the multiple nanowires (ZnO, CuO) 
onto a thermally grown silicon dioxide layer on a p-type silicon wafer substrate. For CuO nanowires, 
adding H2 and CO gases to the air stream causes the source-drain current to decrease in less than 1 
min, returning to its initial value reversibly when the reducing gases are shut off as shown in Figure 
2.12. On the other hand, NO2 gas increases the source-drain current when the nanowire is exposed the 
gas.  
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 Figure 2.12 Current responses of (a) ZnO and (b) CuO single nanowire sensor toward H2, CO and 
NO2 measured at 473K with the gas concentration of 100 ppm. (c) Response deduced from these 
current differentials. 
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For H2, CO, and NO2, respectively, the measured S values on pristine nanowires at 473K, were -0.15, 
-0.10, and 0.6, with the analyte gas concentration of 100 ppm. For ZnO nanowires, only nitrogen 
dioxide gas decrease the source-drain current when the nanowire is exposed the gas in Figure 2.12. 
For H2, CO, and NO2, respectively, the measured S values on pristine nanowires at 473K, were 0.13, 
0.14, and -0.31, with the analyte gas concentration of 100 ppm. Thus, this observed dependence of the 
gas responses on the metal-oxides based on the material’s electronic properties will be used to 
advantage to further improve the nanowire’s gas selectivity. 
For reducing gases such as hydrogen and carbon monoxide, the gas molecules react with the surface 
oxygens in ionosorbed form; hence the OH− group created following the reaction of O− (or O2−) with 
H would produce new donor states to accommodate the electron released in the reaction. In the 
presence of a great deal of H atoms these hydroxyls can further react with H to create water, which 
can desorb to leave behind an additional surface oxygen vacancy of the kind. The carbon dioxide also 
created by the reaction of the carbon monoxide and surface oxygen, leave behind an additional 
surface oxygen vacancy of the kind 24. Thus, the reducing gases increase (decrease) the source-drain 
current for n-type (p-type) metal-oxides. For the oxidizing gas (NO2), additional oxygen will be 
adsorbed at the surface when the metal-oxides are exposed to the gas. This resulted in the decrease of 
the downward (upward) band bending at the surface region, leading to the increase (decrease) of the 
resistance of the nanowire, depending on the type of the materials. As can be seen from Figure 2.12 
(c), the radial plots of H2, CO, and NO2 gas responses over the nanowire sensor are prominently 
different for two different materials (n-type and p-type). This analysis indicates that the sensor 
responses to multiple gas species have a promising parameter to enhance the degree of the selectivity, 
such as n-n, p-p, and p-n junction based sensor array. 
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2.3. CONCLUSIONS 
 
In summary, we reported a facile synthesis and characterization of single crystalline dual nanowires 
of ZnO and CuO on a single substrate produced by a chemical vapor deposition at 773 – 873K. 
Single-crystalline dual nanowires can be selectively and simultaneously grown via (surface, lattice, 
and grain-boundary) the diffusion and solidification of the precursors, without the incorporation of 
foreign atoms, proved by a Raman spectroscopy and EDS measurement. The responses of the active 
elements of ZnO and CuO toward the minute concentrations of H2, CO, and NO2 showed that the 
differences of gas response of the nanowires are governed by carrier properties in n-type and p-type 
metal-oxide nanostructures in a tested size scale. It is also demonstrated that a discrimination between 
H2, CO, and NO2 can be achieved using the e-nose approach through an analysis of the responses 
from alternatively driven dual nanowire arrays. 
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3. SELF-ASSEMBLED AND HIGHLY-SELECTIVE SENSORS BASED ON AIR-BRIDGE-
STRUCTURED NANOWIRE JUNCTION ARRAYS 
 
3.1. EXPERIMENT 
 
3.1.1. Alternatively driven metal-oxide nanowires junctions 
 
The overall procedure of the air-bridge-structured percolating nanowires array is shown in Figure 
3.1 (a). Figure 3.1 (b) and (c) display many nanowires that bridge across a 5 µm wide gap, forming 
the nanowire/nanowire junctions which act as electrical conducting path for the carriers. 
 
 
Figure 3.1 (a) A schematic illustration for alternatively driven metal-oxide nanowires junction. (b) a 
schematic representation of a crossed-nanowire junction array platform and the corresponding SEM 
images. (c) Optical images of the nanowires junctions on single substrate. 
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First of all, 800 nm-thick Zn and Cu films were deposited on a thermally grown SiO2 layer with 200 
nm thickness on a Si (100) single crystal substrate by the e-beam evaporation, which were patterned 
and separated by the distance of 5 µm via a conventional lithography. We adopted an Au electrode (~ 
200 nm) with Ti adhesion-promotion layer (~ 20 nm), between the metal films and the substrate. The 
sample is then transferred to a chemical vapor deposition (CVD) chamber for the growth procedure 
and heated at 500oC for 2 hours with mixed nitrogen and oxygen (N2:O2 = 8:2) flow at 600 Torr. The 
growth conditions such as temperature, pressure etc. were optimized to obtain the high yields of good-
quality nanowires. Two-hour growth at 500oC typically results in nanowires ~ 10 µm in length, long 
enough to bridge the 5 µm gap between the metal films (Figure 3.2). At lower temperature (673 K), 
the length of ZnO nanowires is not enough to bridge the 5 µm gap between the metal films and they 
show broad distributions in diameter. 
 
 
Figure 3.2 SEM images of tilted view for selectively growth and surface of patterned substrates 
covered with nanowires. 
30 
 
SEM imaging indicates that in a typical synthesis, the nanowires cover the surface of patterned 
substrates uniformly and compactly and that the average diameter approximately 30 nm. X-ray 
diffraction (XRD) analysis of the sample revealed that all of the diffraction peaks could be indexed as 
a mixture of hexagonal and monoclinic phases, indicating that clearly, the crystal phases of ZnO and 
CuO are hexagonal and monoclinic phases, without the incorporation of foreign. 
 
3.1.2. Decoration of metal particles on nanowire junction arrays 
 
To enhance the sensitivity, Pd nanoparticles were decorated on the junctions using electron beam 
evaporation at a base pressure of 3.0 × 10-6 Torr through a shadow mask. Following annealing at 473 
K, the metal films aggregated into well-separated nanoparticles covering the nanowire uniformly. 
 
3.1.3. Response test of air-bridge-structured nanowire junction arrays toward H2, CO and NO2 
 
 Pristine and Ag-decorated junctions for the capability of e-nose sensors are also prepared on the 
substrate which Pd-decorated sensors are placed. The sensors were placed in a reaction chamber and 
exposed to pulses of one of three gases at various partial pressures entrained in flowing dry air with a 
flow rate of 2000 sccm: H2 (200 ppm), CO (200 ppm), and NO2 (200 ppm). The gas sensors were 
measured in a probe chamber (~125 cm3) equipped with an electrical measurement system, a vacuum 
and temperature controlling system, and a precisely controlled gas flow system. Gases pulses with 
concentration of 200 ppm balanced by dry air were introduced in the chamber under 1 atm of dry air 
background. Pure dry air was introduced between the pulses. Each of the analytes gases has the low 
humidity concentration about 2.2x10-6 [µmol/mol] and Total hydrocarbon (THC) level is zero. The 
current is measured using a KEITHLEY 2636A source measurement unit. All three produced similar 
results and the linear discriminant analysis (LDA) of each yielded points localized in approximately 
the same regions of parameter space for the three test gases. The results reported in this report were 
obtained in a long series of experiments from one of the devices. 
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3.2. RESULTS AND DISCUSSION 
 
3.2.1. Structured and morphology 
 
 Figure 3.3 shows the Optical and SEM images of junction nanowire patterned via a conventional 
lithography and Pd-decorated junctions. The number of junctions bridging nanowires between each 
film with 5 µm gap, and the current can be measured because the contacts are only current paths. The 
nano particles were decorated on the junctions using electron beam evaporation through a shadow 
mask. As shown in Figure 3.3 (d), Pd nanoparticles are decorated well on the wires, the nanoparticles 
decorated inside the junction could not be found. 
 
 
Figure 3.3 Optical and SEM images of junction and Pd-decorated nanowires. 
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3.2.2. Electrical properties of nanowire junctions 
 
Current–voltage characteristics (I-V) in Figure 3.4 (a) show the typical nonlinear Schottky-like 
transport behavior observed from the sensor elements at room temperature, necessary for a working e-
nose.  
 
 
Figure 3.4 (a) Current-Voltage curves measured at room temperature (curves of ZnO-ZnO and CuO-
CuO are 2 times and 8 times of original current, respectively). (b) Energy band diagram of each 
junction type through the overlapping nanowires of ZnO-ZnO, CuO-ZnO and CuO-CuO. 
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The electron transport characteristics are in general determined by the percolating conduction paths 
through the overlapping nanowires. The major features observed in the I-V curves may be explained 
qualitatively with a simple core-shell model, similar to the well-known model of inter-grain potential 
barrier55. For n-n junction, the electron has to pass at overlapping wires through the charge carrier 
depletion zones, due to the difference in electron concentration between bulk and the surface, formed 
at the interface of both nanowires. The potential barrier ( sV ) is known to be strongly dependent upon 
the concentration of adsorbed oxygen, according to the following equation,  



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

−=
Tk
eVNn
B
s
ds exp  
where ns is surface electron concentration and Nd is the density of donors. kB, T, and e are the 
Boltzmann constant, temperature, and charge on the electron, respectively. Thus, a symmetric 
nonlinear Schottky behavior for the n-n junction is shown. 
The potential barrier in the p-n junction is more complex and depends on the work function and band 
gap differences between the two materials forming the junction, as well as the presence of eventual 
surface states, as shown in Figure 3.4 (b). The energy band diagram of the p-n junction between CuO 
(Eg = 1.35 eV) and ZnO (Eg = 3.32 eV), by considering the work functions (φ), electron affinity (χ) of 
both materials, is also shown in Figure 3.4. The discontinuities ( cE∆ , vE∆ ) in the band edges at the 
interface results in different barrier heights for the two types of carrier, and hence the current through 
the overlapping nanowires consists of almost entirely of electrons under a forward bias of 1 V because 
the barrier for electrons is smaller than that for holes. The variation of the current with forward bias 
for the p-n junction is given by  
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where npsV −,  is the barrier for the electrons. 
By contrast, this model may not be suitable for explaining the I-V characteristics of the p-p junction. 
Actually, the p-p junction exhibits near-linear I-V characteristics at room temperature in Figure 3.4. 
This implies that the holes, a majority carrier in p-type semiconductor, do not flow through the barrier 
height (if any). In p-type semiconductor, the adsorbed oxygens from the air create more holes 
available near the surface, forming the hole accumulation layer56. Thus, holes will flow through the 
34 
 
layer and the transport characteristics will be determined by the thickness of the layer, not by height of 
the potential barrier, showing very weak rectifying behavior. 
 
3.2.3. Gas sensing properties of air-bridge-structured nanowire junction arrays 
 
A representative set of source-drain currents, ISD, measured as a function of time at an applied 
source-drain voltage of 1V for Pd-decorated junction sensors at 250oC is shows in Figure 3.5. One of 
the three gases was periodically added to the continuously flowing air stream and then shut off. 
Representative values of the sensitivities of the sensor toward the gases are given in Figure 3.5 (d). 
The sensitivity is defined as , in which Ig and Ia are, respectively, the steady-state current values 
measured with the analyte gas added to the air stream and just the air stream alone. For n-n junction, 
adding each of the two reducing gases to the air stream causes the ISD to increase in less than 1 min, 
returning to its initial value reversibly when the reducing gases are shut off. In contrast, NO2 gas 
increases the ISD when the nanowires are exposed to the gas. For H2, CO, and NO2, respectively, the 
measured S values on pristine nanowires at 250°C, were 1.98, 0.15, and -0.15, with the analyte gas 
flow rate of 200 ppm. 
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 Figure 3.5 Representative set of ISD measured at a function of time at an applied source-drain 
voltage of 1 V for Pd-decorated (a) n-n, (b) p-p and (c) p-n junction. (d) Representative values of the 
sensitivities of the sensor toward the three gases. 
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However, the sensing properties of device are also quite reproducible because the device structure is 
very simple and efficient in that electrical contacts to nanowires are self-assembled and thus the 
fabrication processes do not involve any tedious and time consuming steps such as electron-beam 
lithography. Figure 3.6 shows the reproducibility of the measurements, the H2 responses of three 
junctions (p-p, n-n, and p-n) in two different samples. Although the sensitivity and response time look 
different a little, one can see that it is quite reproducible.  
 
 
Figure 3.6 H2 responses of three junctions (p-p, n-n and p-n) in two different samples to see the 
reproducibility of the measurements. 
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The behavior of two reducing gases toward n-n junction was consistent with their reducing agents 
(i.e., as electron donors)69,70. As reported previously, the high sensitivity toward H2 is ascribed to the 
catalytic dissociation of diatomic hydrogen on the Pd nanoparticles and the spill-over on to the 
nanowire’s surface. Hydrogen atoms react with surface oxygen to create hydroxyl groups (OH-). In 
the presence of a great deal of H atoms these hydroxyls can further react with H to create water. At 
high temperature, this water can desorb to leave behind an oxygen vacancy, increasing the 
conductivity of the oxides71,72. Pd also provides sites at which CO is oxidized to form CO2. The 
reactions will reduce the oxide from molecule-to-nanowire electron donation, thus, the electrons are 
returned to the interface of the overlapping nanowires, resulting in a decrease of the potential barrier 
and the resistance of the sensor. On the contrary, the oxidizing gas (NO2) provides additional oxygen 
to the oxide, increasing the upward band bending at the surface region, leading to the increase of the 
resistance of the sensor23. 
When p-p junction sensor was exposed to the three gases, it gives the responses exactly in the 
opposite direction, compared with those in n-n junction, although the sensitivities are low (-0.2, -0.11, 
and 0.06 for the H2, CO, and NO2, respectively). In just the air stream alone, electrons are trapped by 
the adsorbed oxygen, leaving more holes available near the surface. As mentioned, the resistance is 
dependent on the thickness of the hole accumulation layer. When exposed to reducing gases, the 
chemisorptions reducing gases will deplete holes near the surface and reduce the thickness of the layer, 
resulting in an increase of resistance. The change in energy band diagram of n-n and p-p junction 
when exposed to the gases is described in Figure 3.7, respectively. 
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 Figure 3.7 Energy band diagram of n-n and p-p junction when exposed to the gases such as reducing 
gas and oxidizing gas. 
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It was found the sensor responses of p-n junction toward three gases similar to those observed in the 
n-n junction sensor. However, the chemisorption process of the analytes in the p-n junction, which 
primarily occurs on the interface of the heterocontact, and on the surface of CuO and ZnO, may 
involve two or more processes. One process is likely the decrease in the barrier height due to the 
increase of the electron concentration from molecule-to-nanowire electron donation. In general, it is 
estimated that the electron concentration in ZnO is much higher than the hole concentration in CuO 
due to the presence of native defects acting as donors such as oxygen vacancies in metal-oxides73. 
Thus, the adsorbate induced shifts of the Fermi-level are dominant for CuO materials, which 
decreases the potential barrier height and decrease the resistance of the sensor. The other is likely the 
decrease of the thickness in the hole accumulation layer at the p-side due to the decrease of oxygen 
concentration at the surface of CuO, which increases the resistance. Such two competing effects 
should be considered for explaining the current response of the sensor. Actually, our results show that 
the sensitivities (0.94 and 0.11) of p-n junction toward H2 and CO gases are lower than those (1.98 
and 0.15) of n-n junction. The sensitivity of NO2 was also decreased from -0.15 to -0.08. 
 
 
Figure 3.8 Radar charts of gas sensitivity toward H2, CO and NO2 gas species measured from the 9 
sensor elements of the e-nose in Figure 3.9 (a). 
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Figure 3.8 show radar charts of gas sensitivity toward H2, CO and NO2 gas species measured from 
the 9 sensor elements of the e-nose shown in Figure 3.9 (a). The sensitivities of n-n and p-n junction 
sensors toward the three gases give the response exactly in the opposite direction, compared with 
those in p-p junction sensor. The sensitivities of n-n junction sensor are higher than those of the p-n 
junction sensors. The response toward H2 gas is overall high, especially with the n-n junction sensors 
decorated with Pd and Ag, while that toward NO2 gas is relatively low, probably due to high oxygen 
partial pressure. Note that each gas sensor in the e-nose has its specific sensitivity pattern for different 
gas molecules, offering the function of discriminating various gas species. 
 
3.2.4. Linear Discriminant Analysis (LDA) 
 
 The aggregate data set for the e-nose was processed using LDA and plotted as two-dimensional 
maps to indicate the extent to which the analysis could separate the response of the e-nose to the three 
gases into separate classes, as shown in Figure 3.9. LDA analysis was carried out using a commercial 
code (xlSTAT 2012, Addinsoft, France). The e-nose responses that we obtained produce the feature 
clusters among the three gases at 95 % confidence level. That is, the three gases, H2, CO, and NO2, 
would be identified unequivocally by the e-nose described here, in gaseous samples each containing 
one of the three test gases mixed in air. 
 
 
41 
 
 Figure 3.9 (a) Schematic illustration of 3x3 sensor array and (b) results of an LDA analysis of the 
sensitivities obtained for the sensor array. 
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3.3. CONCLUSIONS 
 
In conclusion, we describe a strategy for creating an air-bridge-structured percolating nanowire array 
platform that capable of promptly detecting and reliably discriminating between three gases (H2, CO, 
and NO2). Air-bridge-structured, which has the contact point between nanowire, alternatively driven 
multiple nanowires, which were made by metal deposition (by e-beam evaporator) and post annealing 
process in nanoscale on single substrate, was used to form two-dimensional microarray. The current 
transport characteristics are determined by the conduction paths through the overlapping nanowires. 
In n-n junction, the current, known as the thermionic emission current, has to pass the overlapping 
nanowires over the barrier height due to the depletion zone, while in p-p junction, the hole will pass 
through the hole accumulation layer in air. In p-n junction, the electrons also flow over the barrier 
height, however, the resistance of the sensor also depends on the chemical reaction of the analytes on 
the surface of CuO, which decrease the sensitivities of the gases. These provide the ability of a given 
sensor array to differentiate among the junctions. The sensors were tested for their ability to 
distinguish three gases (H2, CO, and NO2), which they were able to do unequivocally when the data 
was classified using LDA.  
Although several strategies for creating an e-nose have been suggested earlier, such as gradients in 
temperature, nanowire thickness and density, and variation of materials, forming the nanowire 
junctions array can be used to differentiate the sensor properties of the nanowire-based arrays. Other 
than the synthesis of the nanowires, all other steps in the fabrication of the e-nose were carried out 
using top-down microfabrication process, useful for making low cost, nanowire-based e-nose chips, 
useful for the for a variety of commercial industries, including the food, environmental, bio-medical, 
and various scientific research fields. As future work, since the e-nose here was carried out by means 
of artificial gases, a robust sensing study will be carried out with real gas samples for real-world gas 
comparison test74. 
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